The phase transition induced by pressure in the PbS and HgS nanocrystals was studied by in situ high pressure X-ray powder diffraction measurements. PbS underwent a phase transition from B1-B16 at 7 GPa whereas no transition was observed in HgS up to 15 GPa. The transition remained unaltered on the release of pressure. The volume decreased with an increase in pressure. There is a shift in transition pressure towards the higher side when compared with the bulk materials.
Introduction
Nanocrystals consisting of small crystallites with diameter 1-100 nm often have novel physical and chemical properties differing from those of the corresponding bulk materials.
1 Nanometer-sized semiconductors exhibit particle size dependence of electronic and optical properties, making them potential candidates of applications involving tunability of these properties. 2, 3 In recent years, sulphide semiconductors with nanometer-size dimensions have been the focus of many researchers due to the quantum size effect exhibited by these nanosized semiconductors. [4] [5] [6] HgS is a useful material and is widely used in ultrasonic transducers, 7, 8 electrostatic image materials 9 and photoelectric conversion devices. [7] [8] [9] PbS is also an attractive semiconducting material because of its variety of applications in a potential photonic material 10 and a Pb 2+ ion-selective sensor. 11 Due to wide applications of these semiconductors, development of techniques such as the chemical route, electro-deposition in acidic medium, 13 the ion-exchange colloidal method, 14 the ion beam method, 15 and mechanochemical method 16 have led to the preparation of lead and mercury sulphides. Though we have a lot of methods to prepare metal sulphides, it is still a challenge for synthetic chemists and material scientists to find a fast and energy-efficient method. The microwave assisted route is a novel method which is faster and energy efficient. This method is used to prepare the metal sulphides. 17, 18 The microwave radiation includes thermal and non thermal effects which is an added advantage for this method. 19 Compared with conventional methods, microwave synthesis has the advantages of a short reaction time, small particle size, narrow particle size distribution and high purity. Hence it is found to be a fast, convenient, mild, energy-efficient and environmentally friendly route for producing HgS and PbS nanoparticles.
In our present work, a high pressure investigation is carried out in order to understand the structure of PbS and HgS under high pressure. The transition pressure obtained by experiment for the nanoparticle is compared with the transition pressure given in the literature for bulk materials.
Experimental Procedure
2.1. Sample preparation About 1.6 g of lead acetate (Pb(Ac 2 )· 3 H 2 O) and 1.5 g of mercury acetate (Hg(Ac 20 )) were added to 60 ml polyethylene glycol (PEG-200). All the reagents used in the experiment were of analytical grade and used without any purification. About 0.2 g of sulphur powder was introduced into the two PEG solvents. The amount of the entire reagent was optimized. The two mixtures were then placed in the microwave refluxed system and the reaction was performed under ambient air for 20 minutes. The microwave oven followed a working cycle of 9 seconds on and 21 seconds off i.e. 30% power. At the end of the reaction, the black precipitates were collected, centrifuged, washed with distilled water, then absolute acetone, and dried in air. The final products were collected for characterization using XRD, TEM and XPS. According to TEM observation, the as-prepared PbS and HgS nanoparticles are mostly spherical in shape. The average sizes of the HgS and PbS particles are in the range 20-30 nm and 15-20 nm respectively. They are in good agreement with those estimated by the Debye-Scherrer equation. The XPS was employed to investigate the composition and purity of the prepared nanoparticles. The Pb:S ratio is 42:58 which shows that the surface of the products is rich in sulphur, and for Hg:S, the ratio is 58:42. 
High pressure XRD
The higher pressures studies were carried out using a Mao-Bell type diamond anvil cell. The Rigaku 12 kW rotating anode X-ray generator with an energy dispersive X-ray diffraction system was employed. The samples were pressurized between the faces of two gem-quality diamonds made with brilliant cut. The face diameter of the diamond anvil is about 600 µm. The samples were placed in between the diamonds with the help of a stainless steel plate of grade T301 which acts as gasket. A hole of 0.3 mm was drilled at the center of the indentation mark produced by the two diamonds. The sample was placed in the hole along with a 4:1 methanol-ethanol pressure transmitting medium. The sample was pressurized to various pressures up to 15 GPa. The pressure was measured in situ by placing silver powder along with the sample. The EOS of silver is used to determine the pressure.
Result and Discussion

Lead sulphide
At the ambient temperature, bulk PbS has a phase transformation at 2.2 GPa from a B1 structure (NaCl) to a B16 (black phosphorus type orthorhombic structure).
21
According to Chattopadhyay et al. 21 the PbS undergoes pressure-induced first-order structural phase transition from the NaCl-type phase to an intermediate phase at about 2.2 GPa. Further structural phase transition from the intermediate phase to the Cs-Cl type phase is obtained at 21.5 GPa.
23 From the literature, it is inferred that the intermediate phase is the B16 phase. 16, 22 In this work, the nano PbS undergoes the first-order structural transition from the NaCl-type to the B16 type (intermediate phase). Quadri et al. 22 and Jiang et al. 16 have reported synchrotron radiation energy dispersive high pressure X-ray powder diffraction measurements of PbS with three different grain sizes. Figure 1 shows the EDXRD pattern of nanocrystal PbS. At lower pressures, the peaks are indexed to cubic (NaCl) B1 symmetry in respect to the literature. At 5.7 GPa, PbS undergoes a phase transition from B1 to B16 (orthorhombic) crystal symmetry. The onset of the phase transition starts at this pressure. At this pressure, both cubic and orthorhombic phases are seen and at 7 GPa, only the orthorhombic phase was monitored. The sample was pressurized up to 15 GPa and the onset phase transition remains unchanged up to 15 GPa. Figure 2 shows the pressure-volume graph of PbS. From the graph we infer that the volume decreases with an increase in pressure and shows a discontinuity in the graph. The discontinuity confirms the phase transition of PbS under pressure and that the phase transition is irreversible. From the experiment, the lattice constant and volume of the B1 phase is found to be a = 5.9109Å and V = 206.51Å 3 and after phase transition to the B16 phase is found to be a = 3.58Å, b = 4.19Å, c = 9.02Å and V = 135.58Å 3 .
Mercury sulphide
At normal conditions the XRD patterns collected shows that the products obtained are in cubic phase. The peaks very well match with the literature patterns for β-HgS. 24 At the ambient pressure the peaks are indexed to the cubic phase in accordance with literature. On increase of pressure, we found that the peaks are slightly shifted along and the energy and intensity of some peaks decreased. About 10 GPa, some peaks like (311) and (331) tend to diminish from the vicinity. This confirms that as pressure is increased, the nanocrystalline phase of HgS transforms to the amorphous phase.
Generally HgS is observed under normal conditions both in the cinnabar phase ("α" or "red" form) and the metastable zincblende phase ("black" form). At a high pressure, the cinnabar phase transforms into the NaCl phase at 20 GPa.
25
They also found evidence for a continuous transition to a phase III which appears to be a distorted form of NaCl at <55 GPa 25 and above 30 GPa. 26 Based on the literature, the cubic phase transforms to distorted NaCl at about 55 GPa. No structural transition is obtained for HgS up to 15 GPa. Instead, we are able to notice the disappearance of some peaks. Figure 3 shows the high pressure XRD pattern of HgS with a particle size 20 nm. The lattice parameter a = 5.8621Å and volume is found to be 201.499Å
3 at ambient pressures. On increase of pressure, the volume decreases following the universal accepted statement. Figure 4 shows the pressure versus volume graph of HgS which is drawn using the Brich equation of state. For bulk HgS, one must obtain a first-order phase transition in between 13-20 GPa. In the case of nanocrystalline HgS, the first order is not seen up to 15 GPa. 
According to Tolbert et al.
27 -29 it is clear that the phase transition pressure is increased as the particle size is decreased. This is in agreement with the researchers who carried out their work earlier. The elevation in pressure transition is due to a single nucleation effect and can be explained with the help of surface energy and shape changes. The peak width before and after the transition is the same on application of pressure. This indicates that the nanocrystals transform coherently without domain fracture. In a solid-solid phase transition, there is often a specific path that the atoms follow when going from one phase to the next. [30] [31] [32] This path acts as the reaction coordinate for the phase transition. If all the atoms are moving in a well-defined path, this must cause the crystal to change shape. This is usually not observable in macroscopic crystals because multiple nucleation will cause the crystal to break into many domains, thus obscuring any overall change in shape. Since the shape change will change the position of the atoms on the surface as well as in the interior, it will change the surface energy of the crystal. In bulk, where most of the atoms are in the interior, the change in surface energy is negligible. However, in a nanocrystal, a large fraction of the atoms is on the surface and this results in shape change. These two effects contribute to the elevation of transition pressure in the semiconductor nanocrystal.
Conclusion
From both the nanophase semiconductors, it is clear that the phase transition pressure increases with decrease in particle size. Compared with bulk PbS and HgS, the nanocrystalline PbS and HgS, have higher transition pressures. At a high pressure, the PbS have a phase transition from B1 to B16 at 5.7 GPa whereas, this transition is obtained at 2.2 GPa for the bulk material. Similarly, for bulk HgS, the phase transition occurs at 13 GPa and for nano HgS, no structural transition was seen up to 15 GPa. Thus we conclude that as the particle size is decreased, the transition pressure is increased compared with the bulk materials.
